Measurement of the relative branching ratio of
We present a measurement of the relative branching fraction, R f 0 /φ , of B [4] . Ignoring possible ambiguities in its hadronic structure [5] , the weak phase angle φ ous decay modes could help reduce its uncertainty. In particular, the decay products of B 0 s → J/ψφ are in an indefinite CP state, requiring CP-even and CP-odd components to be extracted through a time-dependent angular analysis. In contrast, the decay products in B 0 s → J/ψf 0 (980) are in a CP-odd eigenstate, which can provide a more direct measurement of φ ccss s relative to B 0 s → J/ψφ [6] . The precision of a φ ccss s measurement in the f 0 (980) channel is expected to be poorer than in the φ channel because of the smaller decay branching ratio for this process. However, a complementary method of analysis provides different systematic uncertainties, as well as an important cross check of the result from B 0 s → J/ψφ. In this Article, we present a measurement of the relative branching fraction (R f0/φ ) which is, based on theoretical estimates, expected to be significant [7] [8] [9] [10] [11] :
The LHCb Collaboration has reported [12] pairs in the sample. The CDF Collaboration has also measured the relative branching fraction and finds R f0/φ = 0.257 ± 0.020 (stat) ± 0.014 (syst) [14] . We report a new measurement of the relative branching fraction using data collected with the D0 detector at the Fermilab Tevatron Collider.
To determine an absolute branching fraction requires an excellent understanding of efficiencies, other related branching fractions, cross sections, and integrated luminosity. However, by measuring a relative branching fraction, terms common to both the B 
. (2) Hence, just the yields N B 0 s →J/ψf0 (980) and N B 0 s →J/ψφ and their detection efficiencies, ε The D0 detector is described in Ref. [15] , and only those components that directly affect this measurement are discussed below. The tracking system consists of a silicon microstrip tracker (SMT) and a central fiber tracker (CFT), both located within a 1.9 T superconducting solenoid magnet. The SMT has approximately 800,000 individual strips, with typical pitch of 50 − 80 µm, and a design optimized for tracking and vertexing capability within the pseudorapidity range |η| < 3 [16] . The system has a six-barrel longitudinal structure, each barrel having four layers arranged axially around the beam pipe, interspersed with 16 radial disks. The CFT has eight thin coaxial barrels, each supporting two doublets of overlapping scintillating fibers of 0.835 mm diameter. One doublet is parallel to the collision axis, and the others alternate by ±3
• relative to that axis. The muon system resides beyond a calorimeter that surrounds the inner tracking detectors, and consists of one layer of tracking detectors and scintillation trigger counters before 1.8 T toroids, followed by two similar layers after the toroids. GeV and be detected in the muon chambers within the toroidal magnet. In addition, each muon track must be associated with a track reconstructed by the CFT, and have at least one SMT hit. The J/ψ candidates are formed from two oppositely charged muon candidates emanating from a common vertex, and have at least one of the muon candidates detected outside the toroidal magnet.
All reconstructed tracks not associated with muons forming a J/ψ candidate are considered in the reconstruction of f 0 (980) and φ candidates. Since the D0 detector has limited ability to separate kaons from pions, tracks are assigned the pion mass when searching for B 0 s → J/ψf 0 (980) and the kaon mass when searching for B 0 s → J/ψφ. Charged tracks are required to have at least two CFT hits, at least two SMT hits, a total of at least eight SMT and CFT hits, and a minimum p T of 300 MeV. Any two oppositely charged tracks that have one track with transverse momentum p T > 1. 4 GeV, an invariant mass 0.7 GeV < M π + π − < 1.2 GeV or 1.0 GeV < M K + K − < 1.05 GeV, and are consistent with originating from a common vertex, are considered as f 0 (980) and φ candidates, respectively. The
candidates are required to form a common vertex and have an invariant mass between 5.0 and 5.8 GeV. The invariant mass requirements on M π + π − and M K + K − prevent the two tracks to be considered as candidates for both f 0 (980) and φ interpretations.
The final data sample is formed by applying the following additional requirements to further reduce backgrounds. The f 0 (980) and φ candidates must have p T > 1.6 GeV with 0.91 GeV < M π + π − < 1.05 GeV and 1.01 GeV < M K + K − < 1.03 GeV. The B 0 s candidates are required to have p T > 5 GeV, 2.9 GeV < M µ + µ − < 3.2 GeV, and have a proper decay length with a significance of greater than 5 standard deviations (sd).
The proper decay length, defined as The expected background is primarily due to two sources: prompt background that is defined as directly produced J/ψ mesons accompanied by tracks from hadronization, and non-prompt, or inclusive B → J/ψ +X decays where the J/ψ meson arises from a b-hadron decay accompanied by tracks from hadronization. Two MC background samples are therefore generated with pythia: a sample of directly produced J/ψ prompt events and an inclusive sample of B 0 s for all decay processes B 0 s → J/ψ + X. A MC signal sample of J/ψf 0 (980) events is used to train both BDTs. Thirty input variables are used in the BDT, including the momenta of final-state objects, vertex-quality requirements, B 0 s isolation, and decay angles. Six BDT isolation variables are used in this BDT, representing different choices for the size and which tracks are included in the cone of isolation. The BDT selections for both prompt and inclusive training are defined with a requirement on the BDT output value which provides large S/ √ B, while keeping the signal yields high, where S and B are the number of signal and background events.
The invariant masses of f 0 (980) and B s → J/ψf 0 (980) candidates, following BDT selections are shown in Figs. 1 and 2, respectively. An unbinned likelihood fit is used to determine the yield of signal in each sample. The f 0 (980) has a large width [17] and a mass just below the KK threshold. This affects the line shape, which is not a simple Breit-Wigner form, particularly at large mass values. The π + π − mass distribution is therefore fitted using the functional form of Ref. [23] , which takes account of the opening of the KK threshold, and is convoluted with a Gaussian resolution function with a sd of 15 MeV. The line shape determined by fitting the f 0 (980) in MC, using a second-degree polynomial for the background is also used to fit the data. Candidates for B Using identical event selections, except for the f 0 (980) mass requirement, a clear J/ψφ peak is found, as shown in Fig. 3 . The µ + µ − K + K − mass distribution is fitted for a B 0 s → J/ψφ signal using a double Gaussian function with a second-order polynomial for background. An unbinned likelihood fit to the J/ψφ distribution shown in Fig. 3 yields Reconstruction efficiencies depend on the data-taking period (Run IIa -IIb3) as instantaneous luminosity, aging of the detector, and changes to the reconstruction algorithms affect detector performance. The reconstruction efficiencies are therefore measured separately for each running period. The instantaneous luminosities for data taken during Run IIb3 are similar to those of Run IIb2, and the reconstruction efficiencies for Run IIb2 are therefore also used for Run IIb3 data. Although the absolute reconstruction efficiencies depend on the running period, the relative reconstruction efficiencies given in Table I are stable. The differences in relative reconstruction efficiency are used to estimate a systematic uncertainty on R f0/φ . The mean relative reconstruction efficiency is 1.20 ± 0.04, where the uncertainty is from statistics in the MC. The B 0 s → J/ψφ time development reflects a mix of two exponential functions with relative slope values driven by the difference in decay widths of the two mass eigenstates (∆Γ s ). The relative efficiency of any cutoff on proper decay length for the two states depends on ∆Γ s and the lifetime of the CP-odd eigenstate. The MC samples used to determine the relative efficiency use ∆Γ s = 0 and the PDG value of Γ s [17] . For this ∆Γ s , and assuming no CP violation, the effect on the relative efficiency of f 0 (980)/φ is found to be small (≈2.5%) and well within systematic uncertainties, and therefore no correction is applied.
The branching fraction of B The mass distribution of To check that the results of the analysis do not depend on the specific choice of the selection critera, each cut is changed around its nominal value, and it is observed that R f0/φ does not depend significantly on the exact choice of selections.
The large backgrounds arising from particle combinatorics and from partially reconstructed B decays provide significant distortion and uncertainties in the distributions of background. We study this using same-charge pions and the mass distribution from µ + µ − π ± π ± events. However, we find that the µ + µ − π ± π ± distribution does not describe the measured background in our signal sample and we therefore do not use it to help constrain the distribution of the background. Instead, different parameterizations are used (third-degree polynomial and an exponential) to describe the background, and different mass regions over which the fit is performed are used to determine the signal yield variation. A large variation in the number of signal events for B 0 s → J/ψf 0 (980) is found for different parameterizations of the background, indicating that modeling of the background has substantial ambiguity. The choice of background parametrization comprises the largest contribution to the total systematic uncertainty on R f0/φ .
A similar study of fitting choices is performed on the B 0 s → J/ψφ sample. However, since these backgrounds are much smaller and easier to describe, the measured event yields change by less than 1%. The presence of a B 0 → J/ψπ + π − contribution is checked by including this channel in the fit, yielding a fit consistent with no events.
The MC distributions of the kinematic variables do not describe the data perfectly in all variables. To study this effect on the training of the BDT, the MC distributions for signal are weighted to match the B Using the Run IIb2 data and Run IIb2 MC, we find that the relative efficiency for event reconstruction changes from 1.20 ± 0.05 without reweighting to 2.00 ± 0.07 after weighting. Although this corresponds to a large difference in relative efficiency, the relative yields also change, thereby changing R f0/φ by just 17.8%. Half of the difference between the nominal result and the reweighted BDT result is taken as a systematic uncertainty on R f0/φ . A 4.0% systematic uncertainty is assigned for the observed dependence of R f0/φ on the size of the f 0 (980) mass window. Table II summarizes the values of the systematic uncertainties on R f0/φ .
Based on 8 fb −1 of data, D0 has extracted a measurement of the relative branching fraction R f0/φ of Eq. 1. 
